The electronic monitoring system (EMS) has been used for measuring the feeding behavior of numerous piercingsucking insects. Although it has also been used for measuring that of chewing-type insects, waveform patterns have not been analyzed in detail. Therefore, we measured the feeding behavior of Plutella xylostella larvae by using a computer-based EMS to correlate between waveforms and behavioral events accurately and efficiently. In this study, we confirmed four distinctive waveforms that related to feeding, walking and resting of P. xylostella larvae on cabbage leaves. Furthermore, from detailed waveform analysis, it was suggested that chewing frequency of P. xylostella larvae correlated to the number of minute pulses in the waveform during feeding. These results show that a computer-based EMS is a useful tool for analyzing feeding behavior of chewing-type insects such as P. xylostella larvae.
INTRODUCTION
Larval feeding of the diamondback moth, Plutella xylostella, a major pests of cruciferous plants, causes serious yield losses of crops (Kawai, 2001) . However, little is known about the feeding patterns and preferences of this insect on cruciferous plants.
The electronic monitoring system (EMS) is one of the most useful tools for analyzing insect feeding behavior. This system has been used for measuring the feeding behavior of numerous piercingsucking insects (McLean and Kinsey, 1967; Kawabe, 1985; Tjallingii, 1988; Backus and Bennett, 1992; Hattori, 2001) , since McLean and Kinsey (1964) developed it to study feeding behavior in aphids. It has also been used for measuring that of larvae of a chewing-type insect, Cnaphalocrocis medinalis (Saxena and Khan, 1991) . However, waveform patterns have not been analyzed in detail because the output data was recorded directly to the strip chart in which chart speed per unit time was late.
In the present study, we measured feeding behavior of P. xylostella third stadium larvae on cabbage leaves using a computer-based EMS to correlate between waveforms and behavioral events accurately and efficiently. In addition to the waveform analysis, we also observed chewing frequency of P. xylostella larvae on the edge of cabbage leaves under a dissecting microscope, because it was suggested that a produced waveform during feeding correlated to the chewing frequency of P. xylostella larvae.
In this paper, we analyzed waveforms produced during feeding behavior of P. xylostella larvae and discussed the availability of a computer-based EMS in analysis of chewing-type insects.
MATERIALS AND METHODS

Insects.
In all experiments, P. xylostella third stadium larvae were used. Insects were maintained on radish sprouts at 20°C under a L16:D8 photoperiod.
Plants. In all experiments, leaves were obtained from cabbage plants that have folded into the head. In monitoring of feeding, a cabbage leaf was put on a paper plate (15.5 cm diameter). In order to maintain the moisture of the cabbage leaf, a leaf sheath joint was covered with absorbent cotton containing water.
Electronic monitoring of feeding. Feeding behavior of P. xylostella larvae on cabbage leaves was measured using a computer-based EMS (Tsukuba Rika Seiki Co. Ltd.). In this system, the alternating current voltage transmitters (Ϯ100 mV, 500 Hz), an amplifier, direct current voltage converters and an A/D converter were installed into a personal computer (IBM Aptiva 2168S-75, CPU: Pentium 166 MHz) body as a component board. The output data was stored on an MO disk (540 MB, Logitec LM-540) and was analyzed by TRS software (Tsukuba Rika Seiki Co. Ltd.). The produced waveform was printed out by a digital printer (Canon LBP-430). A copper wire (0.5 mm diameter, 7 cm length) was attached to the leaf blade of cabbage with silver paint (Fujikura Kasei Co. Ltd.). A gold wire (20 mm diameter, 10 cm length) was directly attached to the dorsal metathoratic segment of P. xylostella larvae with silver paint. The electric current was used at AC 500 Hz and Ϯ1.0 V, and then recording was done at a sampling frequency of 200 Hz and gain of ϫ10. Feeding was measured for longer than 60 min at 20Ϯ2°C under light. Recordings were obtained from 15 insects.
Measuring of chewing frequency. In addition to the waveform analysis, we observed chewing frequency of P. xylostella larvae on the edge of the cabbage leaf under a dissecting microscope, because it was suggested that a produced waveform during feeding correlated to the chewing frequency of P. xylostella larvae. Chewing frequency was measured for 1 min from the initial single bite on the cabbage leaf 's edge, and measuring was repeated 30 times with using new insects and plants. Figure 1 shows the waveforms for walking (W), resting (R) and feeding bout (FB) of a P. xylostella larva on a cabbage leaf. Furthermore, the FB waveform consisted of feeding (F) and pausing (P) waveforms (Fig. 2) . The conductance level changed irregularly during walking, while it remained nearly unchanged during resting. Thus, each waveform was easily distinguished by waveform shapes. The W waveform was recorded for 15.2Ϯ0.8 min/h and the R waveform was recorded for 6.7Ϯ0.4 min/h ( Table 1) .
RESULTS AND DISCUSSION
The electrical circuit was closed during feeding, as Saxena and Khan (1991) demonstrated in larvae of a chewing-type insect, C. medinalis. On the other hand, it was opened during pauses during 70 O. TAKAHASHI and S. KAWABE Fig. 1 . Waveforms produced by walking (W), resting (R) and feeding bout (FB) of a P. xylostella larva on a cabbage leaf. A: This part is magnified in Fig. 2. chewing. Consequently, the conductance of the P waveform was at a lower level than that of the F waveform. Thus, each waveform was distinguished by conductance level. The F-P waveform sequences were repeated about 80 times during 60 min (Table 1 ). The mean duration of the F waveform was 24.0Ϯ11.3 s, while that of the P waveform was 4.0Ϯ2.6 s (Table 1) . These results suggest that one bout of larval feeding consists of repeated chewing and pausing.
In the F waveform, many pulses with small amplitudes were observed (Fig. 2) , although they were not observed in the F waveform of C. medinalis larvae, which was recorded by the chart recorder system (Saxena and Khan, 1991) . The number of the minute pulses in the F waveform was 116.4Ϯ 7.8/min (meanϮSE, nϭ30). On the other hand, the chewing frequency counted during feeding was 115. 9Ϯ6.7/min (meanϮSE, nϭ30) . Because the number of minute pulses in the F waveform and the chewing frequency per unit time were almost the same, it was suggested that a single pulse in the F waveform shows a single bite of P. xylostella larvae ( Fig. 2: A) . Since the feeding behavior of an insect is different among host plants (Tarn and Adams, 1982) , the feeding preference of P. xylostella larvae may be analyzed in detail by chewing frequency.
An automated cafeteria apparatus, developed by Bowdan (1984) for measuring the feeding behavior of lepidopterous larvae, can also be used to measure the chewing frequency. However, it is not applicable for measuring feeding of a piercing-sucking insect. On the other hand, the EMS had been used for measuring the feeding behavior of Nephotettix cincticeps, a piercing-sucking insect (Kawabe, 1985) and C. medinalis larvae, a chewing-type insect on rice plants (Saxena and Khan, 1991) . Thus, the computer-based EMS is a more versatile system for analyzing feeding behavior of many insects including P. xylostella larvae and aphids.
Furthermore, the EMS can be used to measure the feeding behavior for longer than 24 h, to the extent that the hard disk space will permit. Thus, this technique may also be used for understanding the daily periodicity of feeding behavior of P. xylostella larvae on cruciferous plants.
